In pre-B lymphocytes, productive rearrangement of Ig light chain genes allows assembly of the B cell receptor (BCR), which selectively promotes further developmental maturation through poorly defined transmembrane signaling events. Using a novel in vitro system to study immune tolerance during development, we find that BCR reactivity to auto-antigen blocks this positive selection, preventing downregulation of light chain gene recombination and promoting secondary light chain gene rearrangements that often alter BCR specificity, a process called receptor editing. Under these experimental conditions, self-antigen induces secondary light chain gene rearrangements in at least two-thirds of autoreactive immature B cells, but fails to accelerate cell death at this stage. These data suggest that in these cells the mechanism of immune tolerance is receptor selection rather than clonal selection.
The developmental transition of pre-B cells to the immature IgM ϩ B cell phenotype is the earliest stage at which cells bear a complete receptor capable of binding to self-antigen, and such cells are in fact exquisitely sensitive to tolerance (1) (2) (3) (4) (5) . This transition is marked by V(D)J recombinase-dependent Ig light chain gene assembly, surface expression of BCR, and suppression of further Ig gene rearrangements (i.e., allelic exclusion) (6, 7) . Mutational analysis has demonstrated that BCR expression and signaling function is required to complete this transition, which is sometimes referred to as positive selection (8) . Immune tolerance in these immature cells can occur either by apoptosis (2, 5, 9) or by an induced reprogramming of the specificity of the BCR through nested light chain gene rearrangements (receptor editing) (3, (10) (11) (12) . While roles for clonal deletion and receptor editing are seen in different experimental contexts, the developmental stage specificity of these forms of regulation and the extent to which each mechanism contributes to B cell tolerance are unclear.
Normal homeostasis and aberrant receptor gene assembly also may lead to developmental arrest and massive cell loss (8, 13) , making it difficult to determine the extent to which immune tolerance contributes to cell death in normal immune systems. Although in vivo analyses of auto-Ab transgenic (Tg) mice demonstrated that expression of antigen in the bone marrow (BM) depletes reactive Tg B cells from the peripheral lymphoid organs (14) (15) (16) (17) (18) , self-reactive cells with a low density of BCR are retained in the BM (17, (19) (20) (21) . Moreover, in some of these Tg models, deletion did not cause complete B cell loss, and the remaining B cells in the peripheral lymphoid organs were shown to have lost self-reactive specificity through secondary rearrangements at the endogenous light chain gene loci, or to a lesser extent, at the heavy chain gene loci (4, 10, 14, 16, 17, 22) . The interpretation of these Tg experiments is hindered, however, because of uncertainty about the extent to which this in vivo escape from tolerance-mediated elimination represents induced receptor editing in the BM or peripheral selection of rare variant B cells. In vitro tolerance studies using Tg and normal, non-Tg B cells have come to somewhat conflicting conclusions regarding the mechanisms of tolerance. In some studies, immature B cells cultured in the presence of antigen or anti-BCR antibodies failed to manifest decreased survival, although apoptosis was not directly measured (19, 23) . In these studies, antigen or anti-BCR treatment prevented immature B cells from acquiring cell surface maturation markers such as sIgD, CD23, CD21, and L-selectin (19) , and led to the up-regulation or maintenance of recombinase activator gene (RAG) expression and light chain gene rearrangement activity (23) . In other studies, in which non-Tg immature B cells (IgM ϩ , IgD Ϫ ) were highly purified prior to culture, treatment with anti-IgM antibodies induced apoptosis in many B cells (2, 5, 9) , but a substantial fraction of B cells appeared to be apoptosis-resistant.
In this study, we modified a well characterized interleukin 7 (IL-7)-driven BM culture system (24) to analyze the induction of self-tolerance and positive selection during B cell development. Normal and 3-83Tg B cell precursors were grown either in the absence of antigen, or in its continuous presence, a situation that is more likely to occur in the BM in vivo than is the acute introduction of antigen. Using this experimental system, we were able to ask questions about the precise stage specificity and mechanisms of central B cell tolerance and to simultaneously quantify tolerance-induced apoptosis and receptor editing. The results indicate that at this early stage of B cell development receptor editing plays a dominant role in immune tolerance. these experiments, B cells were collected after 5 days for analysis or washed and recultured without IL-7 for another period of 24-48 hr prior to analysis. Secondary cultures: To maintain and further expand the B cell precursors, cells were collected, washed, and recultured with rIL-7 (50-100 units͞ ml) as described (28) (29) (30) on monolayers of 2,000 rad irradiated antigen-negative stromal cell line S17 (a gift from K. Dorshkind, ref. 28) , or on irradiated antigen-bearing stromal cell line op42 (a gift from P. Kincade, ref. 31) . Stroma cell lines were tested for expression of the class I molecule K b or K k (the antigens recognized by the 3-83 BCR) by staining using the high affinity mAb, Y3 (4). Differentiation was induced by removal of IL-7 (27) (28) (29) (30) .
Flow Cytometry. Expression of cell surface molecules was detected using the following antibodies: Goat anti-mousefluorescein isothiocyanate (Caltag, South San Francisco, CA); goat anti-mouse IgM phycoerythrin (Caltag); goat anti-mouse -biotin (Southrn Biotechnology Associates); and anti 3-83 BCR clonotype, 54.1-biotin (14) . All biotinylated Abs were visualized with streptavidin-TriColor (Caltag) for three-color analysis. Expression of IgM a , B220, L-selectin, IgD a CD23, and CD21 was detected as described (27) . Three-color fluorescence-activated cell sorter analysis was carried out on a FACScan instrument (Becton Dickinson).
Terminal Deonucleotidyltransferase-Mediated UTP End Labeling (TUNEL) Assay. Apoptosis was determined by a TUNEL assay (Boehringer Mannheim) according to the protocol supplied by the manufacturer. Cells were analyzed by FACScan in a single color analysis with forward and side scatter gates adjusted to include all cells and to exclude debris. For each sample a control TUNEL mix without the enzyme terminal deoxynucleotidyltransferase was included.
Nucleic Acids Analysis. PCR amplification from genomic DNA templates was performed using cell lysates prepared as described (27) . In some experiments genomic DNA was isolated from cells as above and purified using the phenolchloroform method. Total RNA purification and reverse transcription to cDNA were as described (10, 27) .
Conditions and primer sequences for DNA PCR reactions for ␣-actin and V-J1 and for RT-PCR for RAG-2 and CD19 were as described in ref. 27 , and for VHJ558L-JH2, VHQ52-JH2, VH7183-JH2, and VHGAM3-8-JH2 DNA rearrangements as described in ref. 32 . PCR cycle conditions V-J5 were 40 sec at 94°C, 40 sec at 58°C, and 1.5 min at 72°C, for 22 cycles. The sequences are as follows: V-J5, 5Ј V(FW3) (27) and 3ЈJ5 intervening sequence, 5Ј-TGCCACGT-CAACTGATAATGAGCCCTCTC-3Ј.
PCR products were run on a gel transferred to membrane and hybridized with specific probes as described (27) . Blots were then washed and exposed to x-ray film or were scanned with a PhosphorImager (Molecular Dynamics) to quantify signal intensity. To obtain a semiquantitative estimate of gene expression, signal intensity of the V-J1 and V-J5 PCR products were normalized to the ␣-actin signal and those of the RAG-2 were normalized to the CD19 signal.
Genomic Southern blot for the detection of rearrangements was performed as follows. Ten micrograms of genomic DNA were digested with HindIII restriction enzyme for 6 hr at 37°C, electrophoresed on 1% agarose gel, vacuum transferred to Zeta probe membrane, hybridized overnight with 32 P-labeled J1-5 DNA probe, and exposed to x-ray film.
RESULTS
Self-Antigen Arrests the Development of Autoreactive B Cells and Blocks Positive Selection. The 3-83Tg encodes a BCR with known antigen specificity that supports growth and developmental progression in IL-7 cultures (27) . We used this system to probe the effects of self-tolerance on B cell development. 3-83Tg B cells grown in primary BM cultures were recultured in the presence of IL-7 for a further 5 days on irradiated stromal cell line monolayers that bear the 3-83 cognate antigen (H-2K k,b ) (op42) or on control, non-reactive stroma (S17). After secondary culture, cells were harvested and directly analyzed, or recultured for 1-2 days without IL-7, a protocol that promotes differentiation. Fig. 1 shows that after secondary IL-7 culture Tg cells expanded without antigen expressed high levels of sIgM on Ͼ90% of the cells, whereas those grown with antigen expressed a much lower level of sIgM. Significantly, in the absence of antigen, B cells progressed in development, up-regulating the maturation markers IgD a , CD23, CD21, and L-selectin (35%, 30%, 18%, and 26%, respectively), whereas B cells growing on antigen-bearing stroma did not express these markers. Similar results were observed in secondary cultures in which IL-7 was removed (not shown). No significant differences were found between the two different stroma layers in terms of supporting B cell growth, as equivalent numbers of B cells were observed in both cultures, indicating that the inability of the antigen-bearing op42 cells to foster 3-83Tg B cell maturation was due to their expression of 3-83 cognate antigen. This was confirmed in an analysis of primary cultures (grown in the absence of exogenous stroma), which indicated that developmental progression, but not growth, was specifically prevented when anti-3-83 id mAb 54.1 was included (not shown). Thus, under the culture conditions described, self-reactivity blocked B cell maturation (positive selection; ref. 8).
FIG. 1. Self-antigen arrests the in vitro maturation of 3-83Tg B cells as revealed by three-color flow cytometry analysis of cell surface markers. B cell precursors from 3-83Tg mice were grown for 5 days on antigen-free (S17) or antigen-bearing (op42) stromal cell lines in the presence of IL-7 and stained for the expression of surface IgM, the pan B cell marker B220, and the indicated cell surface markers. Results shown were gated on the B220 ϩ population to exclude stromal cell contamination.
FIG. 2. Self-antigen does not accelerate apoptosis in 3-83Tg B cell cultures. 3-83Tg B cell precursors expanded for 5 days on S17 or op42 stroma were recultured for 24 hr on the same stroma in the presence or absence of IL-7 and apoptotic cells were detected by TUNEL assay. In control cultures treated with 5 M Beauvericin (Sigma) 80-90% of the cells were apoptotic. Antigen Fails to Accelerate B Cell Apoptosis in IL-7-Driven Cultures. Several studies have suggested that antigen-induced apoptosis is a major mechanism of central tolerance (2, 5, 9) , but in IL-7-driven cultures of 3-83Tg B cells antigen challenge failed to increase apoptosis (Fig. 2, compare A and C) . Upon IL-7 withdrawal, an approximate 50% increase in apoptosis could be detected, but the presence of antigen did not significantly enhance this level (compare B and D) . Similarly, in cultures lacking exogenous stroma that were challenged with mAb 54.1, no increase in apoptosis was observed before or after IL-7 withdrawn (not shown). Because these cultures generated B cells at high purity (96-99%) it is unlikely that our measurements of apoptotic cells were substantially underestimated because of rapid engulfment of apoptotic lymphocytes by small numbers of contaminating phagocytes. Taken together, these data show that although auto-antigen blocks positive selection and the development of B cells, it does not accelerate their apoptosis.
Developmentally Arrested 3-83Tg B Cells Undergo Secondary Rearrangements. We measured antigen-induced rearrangements of endogenous Ig light chain genes in 3-83Tg B cell cultures as an indicator of receptor editing. When IL-7 was continuously present, cultures containing cognate 3-83 antigen had 2-3 fold elevated RAG-2 mRNA levels compared with control cultures (Fig. 3A) . A highly significant, 9-10-fold antigen-induced increase in RAG mRNA expression was revealed when cells were deprived of IL-7 during the final 1-2 days of culture (Fig. 3A) . To detect endogenous DNA rearrangements at the light chain locus, a PCR was designed to amplify V-to-J1 rearrangements using a pan-reactive V framework 3 primer and a J1-specific oligonucleotide. 3-83Tg B cells grown in the continual presence of IL-7 had a 2-fold increase in endogenous V-J1 DNA rearrangements on antigen-bearing stroma compared with antigen-free cultures (Fig. 3B) , and, as in the case of RAG expression, withdrawal of IL-7 in the antigen-containing cultures resulted in a further significant increase in V-J1 rearrangements that peaked after 48 hr, while no significant changes were detected in B cells in the absence of antigen (Fig. 3B) . To further quantitate rearrangement at the endogenous -locus, the loss of germline J DNA was analyzed by genomic Southern blot in cultures lacking exogenous stroma (to minimize the pres- ence of non-B cell contaminating DNA) (Fig. 3D) . In cultured 3-83Tg cells that were heterozygously deficient for the natural J-C locus (3-83Tg Ϯ) (which ensures that band intensity is proportional to the fraction of cells lacking rearrangements) anti-id treatment specifically induced -gene rearrangements in about two-thirds of the cells (as only 31% of germline J band was detected), whereas little rearrangement was detected in the nonantigen-treated cultures (96% of the germline J band was retained).
DNA samples from the same cultures used to analyze -rearrangements were tested for endogenous rearrangements at the heavy chain gene loci by a PCR using an oligonucleotide that primed 3Ј to JH2 in conjunction with V-region primers homologous either to sequences shared by members of the J558L, VQ52, V7183, or to the VGAM3-8 VH families (the latter primer also detects the heavy chain Tg). No elevation in endogenous heavy chain gene rearrangements was detected in the presence of antigen (Fig. 3E) .
Despite undergoing extensive endogenous light chain gene rearrangements in the presence of antigen, most 3-83Tg B cell precursors were developmentally arrested and unable to mature, suggesting that they continued to express the autoreactive receptor and therefore were not positively selected. To confirm this prediction, IL-7 and antigen were withdrawn 48 hr prior to staining to prevent continued growth and to allow receptor re-expression. Flow cytometry analysis revealed substantial retention of the Tg-encoded specificity despite significant endogenous and -chain gene rearrangement. Cells challenged with antigen during culture largely retained the Tg-encoded clonotype determinant, but many coexpressed new light chains, as revealed in part with an anti-Ab, which labeled Ϸ7% of the cells (Fig. 3F , Right) (and up to 15% in cultures of 3-83Tg Ϫ͞Ϫ B cells, not shown). This light chain coexpression is possible because the insertion site of the 3-83Tg is not in the normal -locus context and, unlike the naturally assembled genes, the -Tg is rarely extinguished by nested rearrangements. Collectively, these results further indicate that although the Tg-encoded BCR mediates substantial feedback suppression of V(D)J recombination, stimulation with antigen can specifically overcome light chain, but not heavy chain, allelic exclusion.
In Normal B Cell Cultures Treated with Anti-Ab, -Expressing Cells Are Developmentally Arrested but Not Killed. To extend these findings to normal, non-Tg B cells, anti-mAb (187) was used as surrogate antigen in primary IL-7 cultures of normal B cells. Cells grown in the presence or absence of 187 Ab, were stained for expression of and chains and analyzed for the occurrence of apoptosis by staining for DNA fragmentation using the TUNEL assay. In control cultures, 30-40% of the cells expressed sIgM (not shown). As shown in Fig. 4B Left, 38% of the cells expressed chains and the ͞ ratio was comparable to that found in vivo (15:1). In the 187-treated cultures, a similar number of B cells was observed, but only 15-20% of them expressed detectable sIgM (not shown). Relative to control cultures, treatment with 187 Ab suppressed the developmental progression of -expressing cells to a CD23 ϩ phenotype (Fig. 4A) and stimulated a two-fold increase in the frequency and absolute number of ϩ cells (Fig. 4B) . Unlike the -expressing B cells, ϩ cells in the 187-treated cultures were able to advance in maturity as measured by their acquisition of CD23 (Fig. 4A) and other markers such as IgD and CD21 (not shown). Moreover, as found in the 3-83Tg system (Fig. 2) 
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Immunology: Melamed and Nemazee Proc. Natl. Acad. Sci. USA 94 (1997) compared with 14% in the untreated control (data not shown). Thus, in the presence of anti-, B cells expressing were developmentally arrested, but viable, whereas -cells were more numerous and could progress in development. The observed increase in -expressing cells in the presence of 187 Ab probably indicates that many cells underwent secondary light chain rearrangements, but only a subset of these encoded functional -chains. Secondary Rearrangements in Normal B Cells Developing in the Presence of Anti-Ab. To further test the prediction that anti-treatment promotes receptor editing in IL-7-driven cultures of normal B cells, RNA and DNA were isolated from treated or control cultures and monitored for evidence of recombinase activity. As shown in Fig. 5A , anti-Ab induced a significant increase in RAG-2 expression over controls both in cultures in which IL-7 was present throughout and, to a lesser extent, in cultures in which IL-7 was subsequently withdrawn (Fig. 5A) . To determine if this increased RAG expression correlated with light chain gene rearrangements, DNA rearrangements in the -locus were assessed using the PCR strategy described in Fig. 5B . The 5Ј consensus VFW3 primer detects most Vs (p1) and was used with two different 3Ј primers, p2 and p3, which hybridize 3Ј of J1 and J5, respectively. While PCR with p1 and p2 detects all V-to-J1 rearrangements, PCR with p1 and p3 amplifies only primary V-to-J1 rearrangements (Fig. 5B Top) , and fails to detect V-to-J1 rearrangements if subsequent deletional or inversional rearrangements occur on the same allele (Fig. 5B Middle and Bottom, respectively). The use of the p1 and p3 combination does, however, amplify all V-to-J5 rearrangements (Fig. 5B) . Fig. 5C summarizes 187-induced rearrangements relative to control rearrangements (which is 100%). Antitreatment stimulated total VJ1 and VJ5 rearrangements (Fig. 5C Top and Middle, respectively) , while reducing primary VJ1 rearrangements by Ϸ50% because of increased secondary rearrangements to downstream Js (Fig. 5C Bottom) . Taken together, these data show that normal B cell precursors grown in the presence of anti-Ab undergo secondary rearrangements to downstream Js and to , indicating that extensive receptor editing can occur in normal B cells.
DISCUSSION
Using a novel in vitro system to study immature B cell tolerance, we have shown here that tolerance to self cell surface antigen is mediated by a block in B cell maturation, which promotes receptor editing, but does not appreciably accelerate apoptosis over the short term. Under these experimental conditions, self antigen induced secondary light chain gene rearrangements in at least two-thirds of the autoreactive immature B cells, but failed to accelerate cell death at this stage, suggesting that receptor editing plays a major role in rescuing formerly self-reactive B cells. If not relieved by receptor editing, this tolerance-induced developmental block will presumably lead to eventual B cell death, but as a result of the limited cellular carrying capacity of the tissue microenvironment, rather than by B cell autonomous suicide. This central tolerance mechanism that operates during B cell development is rather different than that of peripheral B cell tolerance, in which self-antigen specifically accelerates B cell death and lowers the steady state numbers of autoreactive B cells in peripheral lymphoid tissues (4, 15, 25, 33, 34) . On the contrary, in the immature B cell compartment, central B cell tolerance results in the specific accumulation of cells with autoreactive specificities, which presumably await escape through receptor editing (19, 20) . In normal, non-Tg B cells this escape through receptor editing is efficient, as it is facilitated by the organization of the Ig -locus, with its unique ability to undergo nested V-J rearrangements that inactivate and replace light chains contributing to autoreactive receptors (10, 12, 35) . In this study we have demonstrated that central tolerance maintains light chain gene rearrangement for a considerable period of time in the absence of cell death, thus confirming the prediction that receptor editing provides an important salvage function.
The experimental system described here has many advantages for the study of central B cell tolerance. B cells are generated at high purity and are challenged with auto-antigen immediately upon BCR expression, a situation that should mimic tolerance to natural auto-antigen in the BM. This allowed us to simultaneously monitor the contributions of receptor editing and apoptosis to tolerance in 3-83Tg B cells, which bear an autoreactive receptor of predefined specificity. Furthermore, we were able to generate cultures of developing B cells from normal, non-Tg BM in which receptor editing and apoptosis could be similarly studied in response to anti-Ab. These experiments confirmed that receptor editing is a major mechanism of central tolerance in normal, non-Tg B cells. This experimental system should also facilitate further biochemical studies of tolerance mechanisms.
Other studies have indicated that cell death in immature B cells encountering self-antigen is surprisingly modest (19, 23, 33) , but these prior studies did not directly measure apoptosis and have been challenged by other work (18) , including studies that analyzed central tolerance in highly purified immature B cells (9) , or in putative tumor models of central tolerance (36) . In this study, we have carefully monitored apoptosis, cell recoveries, differentiation markers, and receptor editing in a highly homogeneous system of nontransformed B cells and find that at the immature B cell stage apoptosis is not accelerated by challenge with auto-antigen. In the case of the 3-83Tg cells, this lack of death was not merely due to the removal of the self-reactive receptors by receptor editing If receptor editing extinguishes self-specificity, the IgM ϩ ͞ recombination ϩ B cell can resume its maturation. However, if an appropriate receptor cannot be made, the cell eventually dies, but no more quickly than a cell that is unable to assemble in-frame rearrangements during the small pre-B II stage. In this sense, antigen reactivity in the IgM ϩ ͞recombination ϩ B cell does not directly accelerate B cell death, but blocks differentiation. In contrast, transitional, IgM bright ͞recombination Ϫ B cells encountering antigen (pathway marked ''2'') are reported to be highly sensitive to rapid antigeninduced death (18) .
because editing was relatively inefficient in these cells, probably because of the chromosomal location of the Tg-encoded light chain gene outside of its normal context. On the other hand, receptor editing in normal, non-Tg B cells could be readily observed in anti--treated cultures, and was reflected in an increase in both light chain rearrangement activity and the absolute number of ϩ ͞ Ϫ B cells generated. One way that the disparate results in the literature regarding the apoptosis sensitivity of immature B cells can be accommodated is by postulating that immature cells become exquisitely sensitive to apoptosis-mediated negative selection shortly after positive selection (Fig. 6, pathway marked ''2'' ). Prior to this positive selection step, self-reactivity blocks developmental progression, prevents down-regulation of light chain gene rearrangements, and therefore promotes receptor editing (Fig. 6 , pathway ''1''). This might also explain the presence of an apoptosis-resistant population among IgM ϩ IgD Ϫ immature cells treated with anti-Ab (9) .
In the absence of auto-antigen, the 3-83Tg BCR can drive B cell developmental progression both in vitro and in vivo, as defined by the acquisition of cell surface molecules characteristic of peripheral B cells, such as sIgD, CD23, CD21, and L-selectin, and by the down-regulation of VJ recombination (21, 27) . This study shows that auto-antigen can block progression in an entire cohort of cells developing in vitro. It is perhaps significant that the ability to promote positive selection is not shared by all Tg-encoded BCRs, possibly because of their intrinsic autoreactivity (21, 37) . The nature of B cell positive selection is not understood in detail, but clearly requires BCR surface expression and signal transduction (8, (38) (39) (40) . The data presented in this paper therefore show that in immature B cells, as in immature T cells (41) , the same antigen receptor can signal both positive and negative selection, depending upon the quality or quantity of extracellular ligand. The developmentally arrested, autoreactive, immature IgM ϩ B cell has in fact several striking similarities to the immature TCR ϩ thymocyte that fails to receive a positive selection signal from major histocompatibility complex antigens of the thymic epithelium. Both of these cells continue to express V(D)J recombinase and to undergo receptor gene rearrangements despite surface antigen receptor expression (this study and refs. 4, 10, 42) and these receptor gene rearrangements frequently occur through nested V-J recombination (this study and refs. 12, 35, 43) . Furthermore, both cells fail to advance in development until they produce an appropriate receptor, which is perceived by the cells as one that provides the proper degree of signaling (8, 44) . Thus, in both B cell central tolerance and in T-cell ''neglect'' the developmental arrest is reversible, and the cells can be efficiently rescued and allowed to mature through secondary rearrangements that provide the appropriate specificity.
